Human selection during crop domestication has resulted in remarkable transformations of plant phenotypes, providing a window into the genetic basis of morphological evolution. Recent progress in our understanding of the genetic architecture of novel plant traits has emerged from combining advanced molecular technologies with improved experimental designs, including nested association mapping, genome-wide association studies, population genetic screens for signatures of selection, and candidate gene approaches. These studies reveal a diversity of underlying causative mutations affecting phenotypes important in plant domestication and crop improvement, including coding sequence substitutions, presence/absence and copy number variation, transposon activation leading to novel gene structures and expression patterns, diversification following gene duplication, and polyploidy leading to altered combinatorial capabilities. The genomic regions unknowingly targeted by human selection include both structural and regulatory genes, often with results that propagate through the transcriptome as well as to other levels in the biosynthetic and morphogenetic networks.
INTRODUCTION: DOMESTICATION AS AN EVOLUTIONARY PROCESS
Modern civilization is dependent on only several dozen of the world's 300,000 plant species for its nourishment. These sustaining crop plants were derived, in most cases, by several thousand years or more of conscious as well as unintentional human selection, in the process transforming mostly unremarkable wild ancestors into high-yielding and otherwise useful domesticated descendants. In some cases this domestication process entailed phenotypic changes that were sufficiently dramatic that the taxonomic origin of the domesticate was long obscure (e.g., maize from its wild ancestor, teosinte). Accordingly, evolutionary analysis and crop domestication have long been intertwined. Indeed, as Charles Darwin noted in the introduction to his most famous book (28) , the strong directional, diversifying, and purifying selection practiced by aboriginal and modern domesticators provides a powerful lens for understanding the workings of the evolutionary process:
At the commencement of my observations it seemed to me probable that a careful study of domesticated animals and of cultivated plants would offer the best chance of making out this obscure problem. Nor have I been disappointed; in this and in all other perplexing cases I have invariably found that our knowledge, imperfect though it be, of variation under domestication, afforded the best and safest clue. I may venture to express my conviction of the high value of such studies, although they have been very commonly neglected by naturalists.
Darwin's comments reflect the understanding that crop plants offer wonderful models for studying the evolutionary process, providing as they do a telescoped time frame in which both antecedent and descendant conditions remain extant and available for comparison. These comparisons have blossomed with the advent of the genomics era, leading to a number of novel insights into the enigmatic processes by which new phenotypes arise. Here we review some of these insights into the genetic and genomic basis of crop plant phenotypes.
Given their obvious economic significance and importance for humankind, it is perhaps not surprising that the majority of published plant genome sequences are for crop plants. Following the publication of the Arabidopsis thaliana reference genome in 2000 (2) , the second completed angiosperm genome sequence was rice (63) , which has since been followed by the sequences of more than a dozen additional crop species (reviewed in 43; see also 29, 48, 97, 123) . These and comparable efforts in many other species are greatly enabling, not just with respect to the myriad crop improvement applications in which a genome sequence may be leveraged, but also in terms of stimulating the development of a rich set of genomic and germplasm resources that have facilitated studies of the domestication process. For example, massively parallel (next-generation) sequencing and genotyping technologies in a number of genera are providing quantitative and qualitative insights into the structure of crop plant gene pools (e.g., 59, 139, 149) , details on the geographic origin of domestication (e.g., 1, 80, 121) , patterns of interspecific introgression or crop plant admixture (e.g., 53, 80) , and exquisite detail on the shapes and sizes of genetic bottlenecks that accompanied the domestication process (e.g., 19, 60, 65, 73) .
One of the most exciting areas of growth has been in characterizing the genetic basis of domestication-related phenotypes. As recently as 2006, the list of confirmed domesticationrelated genes numbered just over two dozen (32) . Since that time, there has been an explosion in the numbers of crop species and traits examined, with emerging insights into the genetic architecture of domestication traits and processes of genome evolution in response to selection. Our focus here is on these recent advances in our understanding of the genetic architecture and molecular genetic basis of phenotypic changes favored during domestication and later crop improvement, aiming to provide an entry into this burgeoning literature.
Crop domestication imposes several microevolutionary forces on the plant genome. These fall into two categories based on how they are expected to reshape the genomic diversity of a crop in relation to its wild ancestor. Selectively neutral forces, which include genetic drift and gene flow, are expected to have genome-wide effects, with the former decreasing the genetic diversity of a crop compared with its wild relatives (e.g., 16, 135 ) and the latter maintaining or perhaps increasing genetic diversity, particularly in the case of interspecific introgression (e.g., 27, 80) . In contrast, selection is expected to differentially affect diversity, targeting as it does specific genomic regions that contain genes controlling the relevant phenotypes. Depending on the nature of the traits selected upon and their genetic basis, selection often leads to a differential loss of genetic diversity in targeted genomic regions, creating a molecular signature of selection (Figure 1) . Thus, scanning for genomically localized genetic bottlenecks can provide clues as to the specific genes or mutations that underlie domestication-related traits, particularly when used in combination with other genetic analyses.
The term domestication syndrome is often used to describe the suite of traits arising during domestication that distinguish crops from their wild ancestors (52). In general, these phenotypes are those that render the crop more productive (e.g., more seed or bigger seed, these two often constituting alternatives), phenologically congruent with cropping practices (e.g., greater synchrony in flowering and/or fruiting), or easier to harvest (e.g., nonshattering, compactness) and consume (e.g., reduced toxicity). Some of the most common domestication traits include reduced seed dispersal (shattering), reduced seed dormancy, reduced branching with robust growth of the central stem (often leading to more erect plant architecture), determinate growth, uniform flowering and seed maturation (commonly associated with a loss of photoperiod sensitivity), increased resource allocation to the harvested plant part (e.g., fruits, seeds, roots, stems), and decreased chemical and morphological defenses (e.g., unpalatable secondary compounds, spines).
In considering the genetic basis of phenotypic changes during domestication, it is useful to draw a distinction between these domestication traits and other improvement traits that are subject to selection in crop varieties following initial domestication. Broadly speaking, domestication traits can be considered changes that occurred during the initial domestication process and are typically fixed within the crop
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Figure 1
The impact of domestication on genetic diversity. Colored dots represent neutral allelic diversity at genes across a chromosome (blue bar) in populations of a crop's wild ancestor (top) and in the crop itself (middle). Genetic drift acts strongly during the domestication bottleneck, when a subset of individuals in the wild species become the founders of the crop lineage; this is expected to result in a genome-wide reduction in genetic diversity. In contrast, selection is expected to differentially reduce diversity at the specific genes that control the traits subject to selection. As a favored allele is driven to high frequency, much of the standing genetic variation within and around the targeted gene (black bar) is removed from the population, creating a molecular signature of selection. The extent to which this deviation from neutrality is detectable depends on many factors, including the mating system, strength of selection, population structure, and recombination rates.
species. In contrast, crop improvement traits are typically variable among populations or cultivars of a crop; examples include characteristics such as adaptation to specific climates, seed starch composition, fruit pigmentation, and fruit morphology. These two sets of traits are highly variable among plants, reflecting both the multiplicity of phenotypes selected by humans and the range in domestication duration, dynamics, and population structures (among many variables) of different crop species.
In the following sections, we first review the methods currently employed in identifying the genes and mutations that have been targets of selection during crop domestication and improvement. We then discuss insights provided by recent studies into the genetic architecture and molecular basis of phenotypic changes during domestication, including the roles of genomic structural variation and gene/genome duplications in this process. Our focus is on relatively recent studies (since approximately 2006); for earlier synopses, we refer readers to previous reviews (15, 32, 50, 86, 116) .
is to perform quantitative trait locus (QTL) mapping in a population of recombinant inbred lines derived from a biparental cross. Domestication traits can be mapped using populations derived from wild-by-domesticate crosses, whereas improvement traits can be mapped using crosses of phenotypically distinct crop varieties. Identification of QTL regions is followed by fine mapping, cloning, and functional characterization of underlying genes, with the goal of identifying the specific mutation(s) selected during domestication. QTL mapping and fine mapping remain by far the most common approach for identifying domestication-related genes and causal mutations. Although applications of this approach have typically focused on obvious morphological or developmental traits, it is in principle broadly applicable, and hence may be used to examine subtler phenotypes such as domestication-related shifts in metabolic activity (e.g., photosynthetic rate, water use efficiency, fatty acid synthesis).
Genes underlying diverse domestication and improvement traits have been identified using biparental QTL mapping; This list of crop species and traits reveals some of the limitations of the traditional QTL mapping approach. Because the method requires populations derived from advanced generation crosses, it is limited largely to annual crops where one or more generations can be produced per year. Indeed, all but one of the examples cited above are in annual cereal crops. Equally important is that the phenotypes and genes surveyed are necessarily restricted to the two parental lines used in the cross. Thus, for traits controlled by multiple genes with small effects, this method is ineffective at capturing the range of genetic variation and gene-by-gene interactions that may contribute to a complex phenotype.
QTL Mapping Using Advanced Intercross Populations
One method for overcoming the genetically limited sampling of a biparental cross is to create a mapping population derived from multiple parental lines, potentially including both wild and domesticated plants. Because of the resulting increase in genetic heterogeneity in the mapping population, this approach requires dense marker coverage across the genome, which has become feasible only with the development of next-generation sequencing and single-nucleotide polymorphism (SNP) genotyping approaches (e.g., 39, 78). Advanced intercross populations may be derived using several different crossing designs (94) . One of these designs, nested association mapping (NAM), has been applied in the study of domesticationrelated crop traits, specifically in a series of pioneering studies in maize (12, 13, 26, 61, 71, 87, 118) .
In NAM, one or more reference parental lines are crossed with a panel of diverse strains For the genes listed, the molecular genetic basis of the phenotypic variation has been well characterized, and the phenotype has likely been subjected to human selection either during initial domestication or through later breeding for crop improvement. Abbreviations: AA, amino acid; GWAS, genome-wide association study; indel, insertion or deletion; NAM, nested association mapping; QTL, quantitative trait locus; TE, transposable element.
b
Evidence of positive selection based on patterns of genetic variation, population frequencies of genetic variants in domesticates and wild ancestors, and/or population genetic tests. NT indicates that the selection was not tested.
to generate the mapping population (77, 145) ; the maize NAM population used in studies to date consists of 5,000 recombinant inbred lines representing 25 families, with the genomic reference line B73 used as the common parent. Association analyses of this population have been used to identify candidate genes for a variety of domestication-related traits, including blight resistance (71, 87) , kernel composition (26), leaf architecture (118), and flowering time (13, 61) . For example, Hung and colleagues (61) identified 14 photoperiod-response QTLs and fine-mapped the QTL of largest effect to ZmCCT, a maize homolog of the rice photoperiod-response regulator Ghd7 (61). Interestingly, both maize ZmCCT and rice Ghd7 appear to have been targets of selection for reduced-function alleles as cultivation of these tropical grasses spread northward into temperate regions; these alleles confer photoperiod insensitivity, allowing for earlier flowering under long-day conditions and grain maturation in regions with shortened growing seasons (61, 76, 141) . However, there are also cases of major-effect flowering-time genes that are not detected in the NAM analyses; this is the case for dwarf8, which in one study was found to account for 13-32% of the flowering-time variation in a sample of 92 inbred maize lines (117) .
Association Mapping Using Unrelated Individuals
An alternative to mapping traits in pedigree populations is to perform linkage disequilibrium mapping using a population of unrelated individuals. First used in studies of human disease, this approach makes use of the natural history of recombination events in a population and tests for associations between phenotypes of interest and genetic markers. Although a specific genomic region of interest may be targeted for analysis, the method more commonly tests for associations with markers distributed throughout the genome [genome-wide association studies (GWAS)], in which case dense marker coverage is required to detect associations with statistical confidence. As with association mapping in intercrossed populations, this approach has been greatly facilitated by recent next-generation advances in generating dense marker coverage. To date, most GWAS research in crop population samples has been conducted in rice, where diverse QTLs and some candidate genes for flowering time and other agronomic traits have been identified (58, 59, 149) . Domesticated rice is characterized by several genetically differentiated subgroups; by explicitly sampling across these subpopulations, recent studies have documented the importance of taking population structure into account in GWAS research to avoid spurious marker-trait associations caused by population structure (59, 149) . In maize, a GWAS approach using unrelated population samples has recently been applied to identify QTLs and underlying candidate genes for leaf metabolite variation (92) . This approach has also been applied in nonmodel crops, including sugar beet, where new QTLs for agronomic traits have been identified despite low marker coverage (137) , and pearl millet (Pennisetum glaucum), where significant associations were detected between the PHYC photoreceptor gene and variation in flowering time and several morphological traits (95; see also 72) . A GWAS analysis in barley has been used to identify INTERMEDIUM-C, an ortholog of the well-known maize domestication gene tb1 (teosinte branched 1), as a modifier gene in the shift between two-and six-rowed barley cultivars (88) .
Genome Resequencing and Screening for Selection Signatures
For crop species with well-characterized reference genomes, genome-wide screening for selection signatures offers a potentially powerful complementary approach to the genetic mapping strategies described above for identifying domestication-related genes. As alluded to above, selection typically winnows variation in genomic locations surrounding genes controlling targeted phenotypes, because only a portion of the standing variation in the www.annualreviews.org • Genomic Inferences on Crop Domesticationpopulation will carry the alleles under positive selection, and hence only those alleles and alleles of genes in close linkage will be retained. Thus, neutral variation is reduced in these genomic locations relative to the remainder of the genome (Figure 1) . Genome resequencing or SNP genotyping in a diverse population sample (including individuals of the crop lineage and its wild ancestor) can be used to identify specific genomic regions that bear signatures of domestication-related selection. Further study, using diverse approaches including comparative expression analysis and functional tests, can then support the roles of specific genes and mutations in domestication-related phenotypes.
A key advantage of genome-wide selection screening is that it requires no a priori assumptions about which traits or genes would have been targeted during domestication. Indeed, this approach makes it possible, in principle, to discover traits unknowingly targeted by selection without even having a phenotype in mind! Notwithstanding the proven utility of selection screening (see below), in many cases it will prove methodologically challenging in that putative selective sweeps may encompass dozens to hundreds of genes. Moreover, not all selective events during the domestication process necessarily create a signature of selection; this is particularly true in cases where selection acts on standing genetic variation rather than a newly arisen mutation, which can potentially generate an undetectable "soft sweep" (e.g., 90, 91) , and in cases where issues of population structure or insufficient diversity lessen the power to detect sweeps (e.g., 46, 149).
Genome-wide selection screens in crop species to date have focused more on characterizing the genetic architecture of agronomic traits or genome-wide impacts of domestication than on definitively identifying the underlying targets of selection (e.g., 21, 65, 73, 122) . Nonetheless, a number of domestication-related candidate genes and/or causative mutations have been identified by this approach. In an early study that relied on genome-wide genic simple sequence repeats, Chapman and colleagues (19) studied genetic diversity in diverse sunflower accessions to detect candidate targets of selection during the initial domestication process as well as during later crop improvement. Genes involved in amino acid biosynthesis and protein catabolism were differentially identified, a pattern that, curiously, has also been observed in maize (135) . In rice, genome sequencing of domesticated varieties and the wild progenitor has been used to identify candidate targets of selection (53, 140) . By focusing on genomic regions that show signatures of selection in both domesticated rice subspecies (indica and japonica), He and colleagues (53) were able to identify 13 candidate domestication genes, including genes encoding regulatory and structural proteins as well as two putative retrotransposon proteins.
In an early genome resequencing study in maize, a comparison of the genome sequence of the Mexican popcorn landrace Palomero to the reference B73 sequence identified genes associated with heavy-metal tolerance as potential targets of selection in the popcorn landrace (124) . A more recent genome screen of 75 accessions representing maize and its wild ancestor, teosinte, has revealed a number of important insights into maize domestication, including evidence of stronger selection during domestication than during subsequent improvement and of postdomestication adaptive introgression from teosinte into maize (60) . Intriguingly, most of the candidate genes identified as potential targets of selection show much stronger selection signals than do the nowclassical domestication genes in maize, such as tb1 (34, 129) . This finding suggests that selection during maize domestication has operated on many genes underlying many diverse biological functions that remain to be characterized.
Reverse Genetics and Candidate Gene Analysis
Insight into the genetic basis of domesticationrelated traits may in some cases be gleaned using translational approaches based on information from Arabidopsis, Oryza, or other model systems. For example, glutinous (waxy) cultivars have been selectively favored in a number of cereal and pseudocereal crop species, including rice, maize, barley, foxtail millet, and grain amaranths; in all cases, the trait has been shown to originate in loss-of-function mutations at the Waxy gene, which encodes a granule-bound starch synthase required for the production of amylose (see Table 1 for recent examples). For more complex traits, candidate gene approaches can be particularly effective when combined with QTL mapping, screening of mutagenized lines, or selection screening, so that molecular analyses focus specifically on candidate genes that fall within a genomic region already implicated in domestication-related selection. The latter approach was recently used in sunflowers, for example, to identify several flowering-time genes that colocalize with flowering-time QTLs (9); several of these genes, all Arabidopsis FT/TFL1 homologs, show molecular signatures consistent with selection during domestication or early improvement. Similarly, a combination of demographic modeling and diversity analysis was used, together with translational information derived largely from Arabidopsis, to demonstrate that flowering-time genes in pearl millet show evidence of selection during domestication or later improvement (23) .
For phylogenetically closely related crop species such as cereal crops, the occurrence of a QTL across syntenic genomic regions can provide additional support for the role of candidate gene orthologs across multiple domestication events. In the 1990s, comparative QTL mapping in maize, rice, and sorghum suggested that the reduced-seed-shattering domestication phenotype in these cereals might have occurred at least in part through parallel selection on an orthologous gene (85) . The underlying candidate gene, Sh1, has recently been cloned and functionally characterized in sorghum, where it was found to encode a YABBY transcription factor. As predicted by the earlier QTL mapping, orthologs of this gene colocalize with shattering QTLs in rice and maize as well as foxtail millet (75) . Moreover, the corresponding rice gene, although not a major-effect shattering QTL, does emerge as a putative domestication gene in recent selection screens of the rice genome (see above) (53, 140).
ADVANCES IN UNDERSTANDING THE GENETIC BASIS OF DOMESTICATION-RELATED TRAITS
Genetic Architecture
One of the long-standing questions in studies of crop domestication is whether the genetic architecture of traits evolving in response to artificial selection differs qualitatively from traits subject to natural selection in wild species. Whereas complex traits in wild species are typically controlled by many genes with small effects (reviewed in 12), evidence until recently suggested that this was not the norm for domestication-related traits. In particular, QTL mapping studies using biparental crosses have generally pointed to a relatively few genes, each with large effects, as the determinants of many domestication-related traits (e.g., see 14) . However, as the study of domestication phenotypes has moved toward more sophisticated association mapping and selection screens as well as quantitatively varying characters, a more complex picture has emerged, with many domestication-related traits being revealed as polygenic. It should be noted that because the identification of large and small effect sizes depends on the mapping population composition and statistical approaches employed, this shift is at least partly a direct reflection of changes in experimental design.
Evidence for many small-effect genes is provided by studies using the recently created maize NAM population. Dozens of smalleffect QTLs have been detected for most maize traits examined to date, including flowering time (13) , kernel composition (26), leaf morphology (118) , and resistance to both northern leaf blight (87) and southern leaf blight (71). These small-effect genes are almost entirely additive in their effects, with little evidence of www.annualreviews.org • Genomic Inferences on Crop Domesticationepistasis (i.e., nonadditive gene-by-gene interactions). A somewhat different pattern is observed for maize inflorescence traits: Brown and colleagues (12) have observed larger-effect QTLs for inflorescence traits than for flowering time and leaf morphology, and larger-effect QTLs for female inflorescence (ear) traits than for male (tassel) traits. This pattern suggests a relationship between QTL effect size and lack of developmental stability associated with recently evolved traits; the maize ear evolved only recently, and so may be developmentally less canalized than traits such as flowering time (12) .
In rice, recent GWAS research also suggests polygenic control of a number of selected agronomic traits, but with somewhat greater heterogeneity in genetic architecture among traits compared with maize. Polygenic rice traits include disease resistance and tolerance to drought and salt stress, whereas a smaller number of larger-effect QTLs are associated with flowering time (58, 59) . There is also evidence for heterogeneity in the genetic architecture of traits among the different genetic subgroups within domesticated rice (149) . Unlike maize, which is an outcrossing species, domesticated rice is largely self-fertilizing, with a genome characterized by low effective recombination and extensive linkage disequilibrium. This difference in population genomic structure, combined with the population substructure present in rice, would be expected to contribute to this greater observed heterogeneity in genetic architectures. Although we are clearly at the very early stages of understanding the genetic architecture of domesticationrelated traits, it seems likely that future studies in species beyond maize and rice will continue to reveal variability in genetic architectures among traits and among crop species.
Genomic Structural Variation
Broadly speaking, genomic structural variation describes segmental alterations of DNA that are greater than 1 kb (44); this includes gene copy number variation (CNV), presence/absence variation (PAV), and larger-scale chromosomal inversions, translocations, and segmental duplications. Structural variation is increasingly recognized as a common feature of organismal genomes, including in the human genome, where CNVs and associated gene dosage effects have been implicated in a number of diseases (25) .
Among crop species, genomic studies in maize have led the way in generating insights into the role of genomic structural variation in shaping domestication-related phenotypes. Following the 2009 publication of the maize B73 reference genome sequence (99), a genome-wide comparison of two inbred lines was performed using microarray oligonucleotides for comparative genomic hybridization (CGH); hundreds to thousands of CNV/PAV features were detected, with estimates depending on the calculation method (108) . Similarly, CGH among 14 inbred maize lines has revealed thousands of CNVs (6) . An extended survey of 19 diverse inbred maize lines and 14 teosinte accessions indicated that most genic CNV and PAV features (∼86%) are present in the wild ancestor; comparisons of these CNV/PAV frequencies in teosinte and maize suggested that selection on these ancestral CNVs has not played a major role in maize domestication or improvement (112) . However, a recent genome-wide SNP screen of 103 diverse maize and teosinte lines (21) does suggest a correlation between genomic regions containing structural variation [detected as read-depth variants (RDVs) in genome resequencing] and QTLs for agronomic traits. Genomic regions containing QTLs for leaf architecture and resistance to northern and southern leaf blight are enriched for RDVs. This finding suggests a potential role for CNV/PAV in generating phenotypic variation for these agronomic traits.
CNV/PAV has been reported to be differentially represented among genes categorized as being involved in stress and stimulus response, perhaps in part because this category includes some large gene families (e.g., NBS-LRR genes). This pattern is detectable on a genome-wide scale in maize (21) and rice (140) as well as in Arabidopsis (93) . In addition, wheat CNVs at the photoperiod-response gene Ppd-B1 and the vernalization-requirement gene Vrn-A1 have been shown to underlie some of the variation among cultivars in flowering time (30) . Similarly, CNVs at the barley FR-2 locus are associated with varietal differences in freezing tolerance (67) . The enrichment of maize RDVs at QTLs for northern and southern leaf blight resistance (21) is also consistent with this general pattern.
Transposable Elements
A major source of genomic structural variation comes from the massive proliferation of transposable elements (TEs) that characterizes the genomes of many plant species. A recent review (79) indicated that transposons constitute between 22% and 85% of the total genomic contents of 11 crop species examined. Gene insertions and other structural rearrangements caused by transposon activity can potentially provide a rich source of phenotypic diversity that can be selected on during domestication, either directly through mutagenesis or indirectly through their effects on gene expression (55). Perhaps most famous in this regard is maize, the organism in which TEs were discovered. Extraordinary diversity is known to occur among maize lines and alleles (128) , largely reflecting the direct (insertion) or indirect (post-TE insertion recombination) effects of TE activity (147) . Although maize has a particularly "active" genome, TE activity is implicated in generating diversity in many other crop plants. In grapes, for example, genome-wide surveys of class II transposons (8) and MITEs (miniature inverted-repeat transposable elements, a particular type of nonautonomous class II transposon) (7) indicate that these repetitive elements have been actively proliferating during vegetative propagation following domestication and subsequent breeding, contributing to the high genetic diversity in the domesticated grape genome.
Although most transposon-related repeat proliferation does not affect plant phenotypes, there are a number of cases where domestication or improvement traits have arisen through insertions of TEs into genes or their cis-regulatory regions. In fact, a transposonmediated insertion has been found to be the causal factor underlying perhaps the most renowned domestication gene, tb1 in maize. The transition from the highly branched wild teosinte plant to the single-stemmed maize phenotype is controlled largely by increased expression of tb1, which encodes a transcriptional regulator that represses growth (33). By using combined inferences from fine mapping in maize-teosinte introgression lines and selective sweep mapping in maize landraces, Studer and colleagues (109) have recently shown that a Hopscotch retroelement insertion in the tb1 cisregulatory region accounts for the increased tb1 expression characterizing the maize plant phenotype. Remarkably, this insertion is located approximately 60 kb upstream of the tb1 coding region, which draws added attention to the multiple possibilities for active TEs to cause dramatic morphological change. Molecular dating of this transposon insertion indicates that it predates the domestication of maize and therefore must have existed in the standing variation of the teosinte ancestor before being subject to selection.
A number of additional cases of TE involvement in domestication or improvement traits have also recently been documented. In maize, the tunicate (pod corn) phenotype arises through ectopic expression of Tunicate (Tu), leading to the development of papery glumes over individual kernels. This altered expression appears to arise in part from promoter sequence rearrangements facilitated by the insertion of a MuDR-like TE (133) . In grapes, the white berry phenotype arose in part through insertion of a Gret1 gypsy-type retrotransposon in the promoter of VvMybA1, a transcription factor controlling anthocyanin synthesis. Interestingly, this insertion was preceded by a single-nucleotide loss-of-function mutation in the adjacent VvMybA2 gene, with the modern white grape berry arising through progressive selection events for the two nonfunctional
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genes (47, 68, 125) . A promoter transposon insertion is also the source of several loss-offunction mutations in wheat Vrn1 homeologs; nonfunctional alleles of this vernalization gene are partly responsible for the phenotypic shift between winter and spring wheat varieties (49).
GENE AND GENOME DUPLICATIONS IN DOMESTICATION
A prominent feature of plant genomes is that they contain high levels of gene duplication. Nearly all genes exist as members of multigene families, with various copies (paralogs) related to one another through both ancient and more recent duplication events, often tracing back to before the origin of seed plants (64) . These duplications have arisen through various mechanisms (45), the most prominent being whole-genome doubling, or polyploidy (36, 106, 132) . It is now evident that the phylogenetic history of all plants includes multiple episodes of polyploidy (64) , with each event doubling the degenerated duplicated genome surviving from the previous event, thereby creating a series of temporally nested gene duplications. In addition to polyploidy, which remains a prominent speciation process in many lineages today, more localized or tandem gene duplications are also characteristic features of plant genomes, contributing continually and contemporaneously to the duplicated genic content of plant genomes. These more localized duplications are generated by a diversity of mechanisms involving TEs or by small-scale genomic duplications arising from unequal crossing over and chromosomal anomalies (45).
Given that duplication is a prominent feature of the plant genomic architecture, there has long been an interest in understanding the forces and processes that dictate gene survivorship (e.g., 5, 84, 98) and adaptive genic diversification (36, 104, 105) following duplication. With respect to crop improvement, Paterson (83) and Udall & Wendel (120) reviewed several of the features of polyploid plants that are widely suspected to play a role in function and crop diversification, including allelic complementation, increased allelic diversity, environmental buffering, and possibilities for fine-tuning dosage leading to novel phenotypic variation (e.g., 81, 100). Also, evidence abounds of polyploidy playing an important role in the origin of certain crop traits, such as free threshing (38) and other traits (37) in hexaploid wheat. In most cases, however, the connections between traits and their molecular genetic determinants remain to be elucidated. This is an area in which rapid progress may be expected in the coming years, as empirical examples, at the molecular level, of a role for polyploidy or gene duplication in crop domestication and improvement begin to emerge.
One of the most remarkable examples of variation in a domestication trait relating to polyploidy is at the complex hardness locus (Ha) of wheat (18) . This ∼60-kb compound locus contains several genes, present in the A, B, and D diploid wheat genomes, all leading to soft wheat grains. The hardness-locus genes were deleted from both wild and domesticated forms of tetraploid (AB genome) wheat, leading to the hard wheat grain trait, which is important in the pasta industry. Creation of hexaploid (ABD genome) wheat initially restored the missing genes owing to the addition of the D genome, which led to selection for the soft grains that are important for bread wheat. Subsequent mutations, deletions, and rearrangements of the hardness locus of the D genome of hexaploid wheat generated variation in hexaploid wheat seed quality, such as semihard wheats that were further subjected to human selection. These variations were shown to involve complex rearrangements and recombination between retroelements.
A second illustrative example from wheat concerns the Q locus, which confers free threshing in hexaploid wheat and is also pleiotropically implicated in a number of other important domestication and improvement traits, including plant height, inflorescence architecture, and flowering time. Zhang et al. (148) showed that the Q gene, which encodes a member of the AP2 family of transcription factors, has experienced a fascinating and complex series of events during diploid and polyploid wheat divergence. This history includes duplication and subsequent loss of different paralogs at the diploid level, such that one gene was lost in A-genome diploids whereas the other gene was lost in the B-and D-genome diploids. Following polyploid formation, and the reunion of these now-diverged paralogs into a common nucleus, a single valine-to-isoleucine amino acid replacement in the A homeolog generated the Q phenotype, at least in part. The story is further complicated by two additional factors: the postpolyploidization pseudogenization (but continued transcription) of the surviving B-genome gene, which apparently contributes to homeolog expression regulation; and the D-genome homeolog, which contributes to the pleiotropic aspects of the free-threshing mutant phenotype. This example is remarkable in that it demonstrates a wholly unexpected avenue by which polyploidy may contribute to plant domestication, entailing a complex combination of ancient paralogy, subsequent gene loss, reunion of divergent paralogs, and continued interaction of subfunctionalized pseudohomeologs.
Recent studies have also revealed cases where selection during domestication has targeted paralogous genes derived from past gene duplication events, leading to sub-or neofunctionalization. Three examples illustrate the wide range of temporal scales for postduplication differentiation, ranging from recent to ancient. The first involves elongated-fruit varieties of tomato, in which a Copia-like longterminal-repeat retrotransposon (Rider) was involved in a complex structural rearrangement that duplicated and retrotransposed a 24.7-kb genomic region from chromosome 7 to 10. This process generated a duplication of Sun, a major gene controlling elongated fruit shape, as well as increased Sun expression in varieties with elongated fruits, attributable in part to the duplicated gene copy having been placed in a location where it is upregulated through co-option of cis-regulatory factors that normally cause high expression of a different gene (encoding a defensin protein) during fruit development (138) .
A second example relates to paralogs of a flowering-time gene family in sunflower (9, 10) . FT (FLOWERING LOCUS T ) genes are photoperiod-induced positive regulators of reproductive meristem development. Blackman and colleagues were able to identify four paralogous copies in sunflower, three of which appear to be functional and colocalize with a major flowering-time QTL in mapping populations derived from wild-domesticate crosses. Additionally, these loci show molecular signatures consistent with selection during domestication. The three functional genes also show divergence in expression patterns between wild and domesticated sunflowers that are associated with the shift to earlier, long-day-responsive flowering in the domesticate. In addition, one of the paralogs, HaFT1, carries a protein-coding frameshift mutation in domesticates that alters developmental timing directly through interference with the expression of another paralog, HaFT4. The other functional paralog, HaFT2, shows altered expression arising through both cis-and trans-regulatory changes. This combination of features strongly suggests a key role for functional divergence in these FT paralogs in the sunflower domestication process, and further illustrates the multiplicity of molecular mechanisms by which altered phenotypes might arise.
A final example is from rice, involving two ancient paralogs (possibly dating to the origin of the grasses) that appear to have been independently targeted by selection during domestication. OsCIN is an ancient duplicate of GIF1, and both genes encode invertase enzymes that function during grain development, with tissue-specific differentiation in gene expression (127) . Both genes also show molecular signatures of selection during domestication. For GIF1, selection for changes in the promoter region has led to decreased expression during grain development, which results in increased grain filling and yield (126) . For OsCIN1, there appears to have been selection to fix a single protein-coding mutation during www.annualreviews.org • Genomic Inferences on Crop Domesticationdomestication. Although the functional effects of this change in OsCIN1, if any, remain to be determined, the parallel selection signatures suggest that both paralogs have played a role in changes in rice grain development during rice domestication.
SYNTHESIS AND CONCLUSIONS
As the genetic bases of crop domestication and improvement traits have been resolved, it has become possible to assess whether generalizations can be drawn about the molecular underpinnings of phenotypic changes during domestication. Concomitantly, questions involving the relative roles of regulatory and structural genes in adaptive evolution have been a topic of considerable interest in the field of evolutionary biology in recent years (17, 54, 134) . In their 2006 review on the molecular genetics of domestication, Doebley and colleagues (32) made several key observations and predictions regarding the genetic targets of selection during domestication and the molecular nature of the underlying mutations, including the following:
1. Changes in developmentally and morphologically complex traits, including many domestication traits (e.g., seed shattering and plant architecture), occur through selection on transcriptional regulators. 2. For simpler traits that involve specific metabolic pathways, such as carbohydrate or pigment biosynthesis, changes may occur through selection on structural genes within the pathway as well as selection on regulatory genes. 3. Changes that account for phenotypic differences among varieties of a crop commonly occur through lossof-function mutations, although cisregulatory changes can also play a role.
These patterns have generally been borne out by more recently published studies ( (22) .
Collectively, the examples introduced in Table 1 and elsewhere in this review illustrate the idiosyncratic or perhaps opportunistic nature of human selection pressure with respect to the diversity of underlying causative mutations affecting phenotypes that are important in plant domestication and improvement. Not surprisingly, just as natural selection may variously entail fixation of amino acid-causing changes in protein-coding genes, as well as a multiplicity of genomic structural changes large and small that affect expression levels, this full spectrum of possibilities is being revealed in studies of crop domestication. Undoubtedly our understanding of the molecular underpinnings of domestication traits will continue to grow as the identification of domestication-related genes begins to move toward phenotypically unbiased genomic selection screens (e.g., 60, 65, 122) .
Moving forward, an equally important and complementary advance will be in the increasing application of genome-scale systems biology approaches to study domestication. Multiple "-omics" (e.g., genomics, transcriptomics, proteomics, metabolomics) and analyses of pathways and networks across various scales hold promise for revealing many of the intricacies of domestication and crop improvement and, by extension (echoing the words of Darwin invoked in the introduction to this review), the evolutionary process in general. Much of this review has focused on the mutations responsible for phenotypes found in crop plants, and to be sure, considerable progress has been made in this regard (Figure 2, Table 1 ). But there is a vast biology lying between genotype and phenotype, with the latter reflecting the end product of a complex transduction and propagation through the transcriptomic, proteomic, and metabolomic networks that lead to biosynthesis.
Recent forays into this arena have revealed astonishing complexity. In maize, for example, Hufford et al. (60) used a combination of genome resequencing and comparative expression profiling to reveal a surprisingly large number (1,179) of genomic regions that may have been subjected to selection during domestication (484) and crop improvement (695). Candidate domestication genes display greater gene expression change between maize and teosinte than do noncandidate genes, are on average expressed at higher levels, and have reduced expression variability; the latter is interpreted as potentially reflecting directional selection for reducing cis-regulatory variation. An extension of this work (111) , involving comparative expression profiling of seedlings in 24 teosinte versus 38 maize accessions, led to the detection of more than 600 differentially expressed genes, many in genomic locations that were identified in population genomic diversity screens (60) to be targets of selection.
This evidence of large-scale rewiring of the transcriptome in response to domestication has 
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Figure 2
Mutations targeted by selection during domestication. Decreasing levels of genomic scale are indicated from top to bottom. Large-scale chromosomal rearrangements include large genomic deletions (indicated by a missing chromosomal segment) and transpositions from other chromosomes (indicated by the inserted green segment). Structural variation at the genic level includes gene presence/absence variation (PAV) and copy number variation (CNV) as well as insertions of transposable elements (TEs) into coding or cis-regulatory regions. At the nucleotide level, mutations may affect coding regions (e.g., substitutions or insertions/deletions that alter the protein sequence) or cis-regulatory sequences.
also been reported in cotton. Rapp et al. (89) studied the transcriptome of developing cotton (Gossypium) "fibers" (seed epidermal trichomes) in both wild and domesticated cotton during five stages representing primary and secondary wall synthesis, reporting significantly altered expression for 9,645 genes. And this is just for a single-celled structure! Other transcriptomic studies in the cotton model system
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are revealing a comparably massive rewiring of the transcriptome accompanying domestication (20, 56, 57) . As an example of the type of insight that can emerge from these studies, Bao et al. (4) used a combination of genomic and proteomic tools to investigate one of the protein families (profilin) implicated as highly upregulated during cotton domestication. Remarkably, it was not just a single gene that was upregulated; instead, all five profilin gene family members expressed in cotton fibers were simultaneously upregulated. This observation presumably reflects the downstream effects of upstream regulatory alterations of perhaps just a single mutation, which during cellular development propagates through the system to affect transcriptome and proteome levels for the whole profilin gene family. A final noteworthy and somewhat remarkable observation of this study is that the same phenomenon was observed in all three independently domesticated cotton species studied-two allopolyploids (G. barbadense and G. hirsutum) and one diploid (G. herbaceum). It will be of considerable interest to discover the specific genomic changes in each species that in parallel mediate these phenotypically homologous responses to domestication, and to assess their degree of genomelevel similarities and differences. These above examples foreshadow the types of insights into the origin of phenotypic innovation that will soon emerge from the application of an increasingly powerful suite of technologies to the study of crop plants and their living progenitors. This effort will yield novel perspectives on the myriad connections and networks that lie between the genomic landscape and the phenotypes that are targeted by human selection. In this sense, Darwin's promise that crop plants constitute our most gifted tutors for understanding the evolutionary process will continue to be fulfilled.
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